tacn) 4 Fe 4 O 2 (OH) 4 ] 2 ·8Br·9H 2 O (tacn = 1,4,7-triazacyclononane), a tetranuclear iron(III) complex was synthesized by the hydrolysis of (tacn)FeCl 3 and crystallizes in the orthorhombic space group, Pca2(1), with cell parameters, a = 37.574(3) Å, b = 16.9245(12) Å, c = 14.2830(11) Å, V = 9082.9(12) Å 3 . [(tacn) 4 Fe 4 O 2 (OH) 4 ] 4+ cations approach S 4 point symmetry containing an adamantane skeleton. Four Fe(III) atoms have distorted octahedral environments with two hydroxo and an oxo bridges. Two [(tacn) 4 Fe 4 O 2 (OH) 4 ] 4+ clusters having different Fe…Fe distances are connected to each other by the networked hydrogen bonds. The electrochemical behavior reveals irreversible three cathodic and two anodic peaks. Magnetic properties are characterized by antiferromagnetic (AF) interactions between Fe(III) ion spins. However, the low-lying states are still magnetic and exhibit a blocking behavior and a magnetic hysteresis at low temperatures.
Introduction
The polynuclear hydroxo-and oxo-bridged metal complexes are full of interest from diverse viewpoints, containing the field of molecular based magnets, structural and functional biomimic models for active sites of some metalloproteins. 1-3 Hemerythrin, ribonucleotide reductase, methane monooxygenase, and purple acid phosphatase contain binuclear iron centers, 4 and ferritins and hemosiderins consist of iron cluster units of uncertain size. 5 The polynuclear metal complexes have a wealth of interesting topologies, including ferric wheels, 6 can also function as nanoscale magnets called 'single molecule-magnets (SMMs)'. 7 The SMMs show quantum tunneling of magnetization in the hysteresis loops as a bridge linking classical to quantum magnetic behavior. Several examples of SMMs have been reported, which contain iron (Fe 8 8 and Fe 4 9 ) and manganese (Mn 12 10 and Mn 4 11 ) ions. One of the most intensively investigated SMMs is an octanuclear iron complex, commonly called "Fe 8 ", [(tacn) 6 Fe 8 O 2 (OH) 12 ]Br 8 (tacn=1,4,7triazacyclononane). 12 The tacn ligand, cyclic tridentate amine ligand is facially coordinated to the octanuclear iron complex and each iron ion of Fe 8 coupled together by twelve hydroxo and oxo bridges. The Fe 8 compound is prepared by the controlled hydrolysis of (tacn)FeCl 3 and by chance, we discovered that a tetranuclear iron cluster was obtained in the similar conditions. The tetranuclear iron clusters show several types of structure, including the adamantane, butterfly, tetragon, planar and face-to-face types. 13 The tetranuclear iron complex in this work reveals an adamantane shape with facially coordinated tacn ligands, and this compound is shown to be composed of a racemic mixture. Unusually, two tetranuclear iron complexes showing the similar adamantane skeletons but the different Fe…Fe distances were found in the crystal structure of the prepared Fe 4 compound.
Herein, we present the synthesis, structural analysis by single-crystal X-ray diffraction, electrochemical and magnetic characterization of the adamantane-like tetranuclear iron cluster of formula [(tacn) 4 Fe 4 O 2 (OH) 4 ] 2 ·8Br·9H 2 O (where tacn = 1,4,7-triazacylononane).
Experimental Section

Synthesis of {[(tacn) 4 Fe 4 O 2 (OH) 4 ]} 2 ·8Br·9H 2 O. (tacn)-
FeCl 3 used as a precursor was prepared based on literature procedures. 14 NaBr (6.00 g, 58.31 mmol) was added to a yellow aqueous solution (16 mL) of (tacn)FeCl 3 (0.44 g, 1.51 mmol) with stirring. This orange color solution adjusts to pH 10.28 and stood at 25 °C. The black octahedral shaped crystals were obtained within one day and collected by filtration; yield ~26.3% based on total (tacn)FeCl 3 .
Anal. (wt%). Calcd for [(tacn) 4 Fe 4 O 2 (OH) 4 ]·4Br·4.5H 2 O: Fe, 18.00; C, 23. 21; H, 5.88; N, 13.5; O, 13.54. Found: Fe, 17.75; C, 23.33; H, 5.89; N, 13.77; O, 13.33 Crystal Structure Determination. A black crystal with dimensions 0.40 × 0.20 × 0.20 mm 3 was glued to a glass fiber and mounted on the goniometer. Preliminary examination and data collection were performed with Mo-Ka radiation (λ = 0.71069 Å) on a Siemens SMART CCD equipped with a graphite crystal, incident-beam monochromator. Data were collected at 173 K. Cell parameters were determined and refined using the SMART software, raw frame data were integrated using the SAINT programs, which corrects for Lorentz and polarization effects. 15 Empirical absorption correction was applied with the program SADABS. 16 The pattern of systematic absences observed in the data was consistent with either the space group Pca2(1) which was assumed and confirmed by the successful solution and refinement of the structure.
A summary of crystal data is represented in Table 1 . The structure was solved by direct methods (SHELX-86) and standard difference Fourier techniques (SHELX-97). 17 All non-hydrogen atoms were refined anisotropically; all hydrogen atoms attached to carbon, nitrogen and oxygen atoms were added theoretically according to electron density difference. Refinements were performed by full-matrix least-squares analysis, with anisotropic thermal parameters for all non-hydrogen atoms and with isotropic ones for all hydrogen atoms. The reliability factors converged to R (F o ) = 0.0470 and Rw (F o 2 ) = 0.1023.
Characterizations. Electrochemical experiments were performed with a Princeton Applied Research (PAR) Model 263A potentiostat. Electrochemical measurements were made on methylene chloride solutions containing 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF 6 ) as supporting electrolyte and were conducted at room temperature. A standard three-electrode system was used for cyclic voltammetry (CV) and differential potential voltammetry (DPV) experiments comprising a platinum working electrode, a platinum auxiliary electrode, and an Ag/AgCl (saturated KCl solution) electrode.
Infrared spectroscopy using a dry KBr pellet was performed on a Nicolet FT-IR 1700 spectrophotometer in the range of 4000-400 cm −1 . Electronic absorption in 200-700 nm range was collected using an Optizen III UV/vis spectrophotometer at room temperature.
Magnetization was measured for ground single crystals using a conventional SQUID magnetometer (Quantum Design MPMS-XL7) as functions of temperature and field.
All the data were corrected for the diamagnetic background of the sample holder.
Results and Discussion
Crystal Structure. Fe and O atoms in the [(tacn) 4 Fe 4 O 2 -(OH) 4 ] 4+ cation (hereafter Fe4) present the adamantane shape [18] [19] [20] [21] [22] with Fe atoms occupying the vertexes of a tetrahedron and O atoms those of an octahedron as shown in Figure 1 . Each Fe(III) atom is coordinated to three oxygen atoms from an oxo and two hydroxo ligands and three nitrogen atoms from the facially coordinated tacn ligand in a distorted octahedral environment. The four hydroxo, O(1), O(2), O(3) and O(4) in Figure 1 , lie in the plane perpendicular to the axis passing through two oxo ligands, O(5) and O(6). The average Fe…Fe distance is 3.462 Å, close to 3.465 Å, the value of observed for [(tacn) 4 Fe 4 O 2 (OH) 4 ]-I 4 ·3H 2 O 19 and 3.45 Å for Fe8, which arises from the cornersharing octahedra via oxo-or hydroxo-bridges. 12 In Table 2 , the selected bond and angles are summarized. In the Fe4 cluster, there are two groups of Fe-O bond lengths and Fe-O-Fe angles since each Fe atom is coordinated to both hydroxo and oxo oxygens. In 19, 20 In general, the stronger donor atoms would be expected to have the shorter metal-ligand bond lengths. The crystallographic data of Fe4 coincide with this (3) 3.353 (1) Fe (2)···Fe (4) 3.366(1) Fe(1)···Fe (4) 3.477 (4) Fe (2)···Fe (1) 3.533(2) Fe(2)···Fe (3) 3.510 (1) Fe (3)···Fe (4) 3.537 (5) 
2.203 (6) Fe (3)-N(7) 2.177 (7) Fe(1)-N(3) 2.208 (7) Fe(3)-N(9) 2.237(6) Fe(1)-N(2) 2.240 (7) Fe (3)-N(8) 2.249 (7) Fe (2)-O(6) 1.837 (6) Fe (4) (6) Fe(4)-N(10) 2.210 (7) Fe (2)-N(5) 2.212 (6) Fe(4)-N (12) 2.223 (7) Fe (2)-N(4) 2.241 (7) Fe(4)-N(11) 2.246 (6) Fe (5)···Fe (7) 3.555 (1) Fe (6)···Fe (8) 3.521(1) Fe (5)···Fe(8) 3.541 (2) Fe (6)···Fe (5) 3.314(2) Fe(6)···Fe (7) 3.550(1) Fe (7)···Fe (8) 3.294(3) Fe(5)-O (7) 1.805 (5) Fe (7)-O(9) 1.813(5) Fe(5)-O(11) 1.997 (5) Fe (7)-O(8) 1.992(6) Fe(5)-O(10) 2.003(5) Fe (7)-O(11) 2.021(5) Fe(5)-N (14) 2.186 (6) Fe (7)-N (20) 2.183(6) Fe(5)-N(13) 2.234 (7) Fe (7)-N (19) 2.215(7) Fe(5)-N(15) 2.241(6) Fe(7)-N(21) 2.240(7) Fe(6)-O(7)
1.815 (5) Fe (8) complex. The X-ray analysis revealed that [(tacn) 4 Fe 4 O 2 (OH) 4 ] 2 · 8Br·9H 2 O involves two types of tetranuclear iron(III) cation complexes. Two Fe4 clusters show similar structures of adamantane skeletons but have different Fe…Fe distances. One having larger variation of Fe…Fe distances is labeled as B, and the other as A. In Figure 3 , four Fe atoms of A are denoted as Fe(1), Fe(2), Fe(3) and Fe(4) and B as Fe (5), Fe(6), Fe (7) and Fe(8). As far as we know, the packing of two different Fe4 clusters is the first example though other adamantane-shaped tetranuclear metal complexes have been reported previously. [18] [19] [20] [21] [22] In the previous section, we dis- In the crystal structure, two kinds of Fe4 cations, A and B, which lie in general positions produce their enantiomers, A' and B' by the symmetry operations, four Fe4 cations in the crystal (Figure 3) . A' is an enantiomer of A and B' is of B with respect of the same set of Fe…Fe distances but incapable to overlap between two enantiomers. The previous adamantane-shaped tetranuclear metal complexes also revealed to have racemic mixtures, though the existence of stereoisomers has not discussed in detail. 18(a), [19] [20] [21] [22] As shown in Figure 4, A connects (Figure 4 ). In addition to linkage between B and A by the hydrogen bond from O(2) to O(11) hydroxo ligands, B is linked with another A by the hydrogen bond between O W (9) and O W (1) of the hydrogen bond tail of A. Likewise B' are linked with another B' along the c-axis forming an 1D zigzag chain and with near two A' cations located in the upper and lower. In other words, hydrogen bonding network consisting of A' cations and B' cations has the same architecture of the linkage of A and B ones.
Electrochemistry, The electrochemical behavior of Fe4 has been studied using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in methylene chloride containing 0.1 M TBAPF 6 as supporting electrolyte, which are shown in Figure 6 . There are three redox couples on the reduction side corresponding to the Fe(III) 4 /Fe(III) 3 Fe(II), Fe(III) 3 Fe(II)/Fe(III) 2 Fe(II) 2 and Fe(III) 2 Fe(II) 2 /Fe(III)Fe(II) 3 forms of the complex at E p = −0.736 V, −1.232 V and −1.636 V vs Ag/AgCl, respectively. two redox couples on the oxidation side corresponding to Fe(III) 4 /Fe(III) 3 Fe(IV) and Fe(III) 3 Fe(IV) /Fe(III) 2 Fe(IV) 2 forms reveal at E p = 0.848 V and 1.124 V vs Ag/AgCl, respectively. These all redox couples are irreversible because the peak separation for each couple is much larger than E p = 0.0592 V in the case of the reversible one and the DPV scans show broad and asymmetric peaks in contrast to the shaped and symmetric peak in the case of the reversible couple. Despite irreversible redox behavior, this complex is considerably stable for the redox process compared with other tetranuclear iron(III) clusters since three reductions and two oxidations of Fe4 are possible contrast to other tetranuclear iron(III) complex 24 which reveals only two redox couples at −0.5 V and −0.635 V vs Ag/AgCl. Electronic Spectra. The electronic absorption spectrum of Fe4 is illustrated in Figure 7 . All of the features observed in the UV/vis range are typical of the iron-oxo core. The transitions at 357 nm (ε = 6,080 M −1 cm −1 ) and 486 nm (ε = 780 M −1 cm −1 ) assigned as ligand-to-metal charge transfer (LMCT) bands are connected with the bridging oxide. 25 Intense transitions observed at 276 nm (ε = 8,800 M −1 cm −1 ) and 314 nm (ε = 10,010 M −1 cm −1 ) come from amine-toiron(III) charge transfer (CT) bands. 26 The n → σ* transitions at 216 nm (ε = 4,620 M −1 cm −1 ) are also shown.
Magnetic Properties. Effective magnetic moment as a function of temperature is shown in Figure 8 . The effective magnetic moment of the Fe4 at T = 350 K, µ eff = 2.0 µ B per Fe(III) ion, is smaller than 5.92 µ B , the value for an uncorrelated Fe(III) ion spin with s = 5/2 and g = 2. The µ eff decreases on lowering temperature and reaches a plateau around 50 K before dropping toward zero at lower temperature. In overall, the magnetic property is typical for an antiferromagnetically coupled system and similar to the behavior of the Wieghardt's complex, [(tacn) 4 Fe 4 O 2 (OH) 4 ]-I 4 ·3H 2 O 19 whose data fitting gave the exchange coupling constants of J = -106.3 (2) cm −1 , and J' = -15.1 (2) cm −1 , where J represents the exchange coupling via the oxo bridges and J' via the hydroxo bridges. In case of binuclear oxo-and hydroxo-bridged high spin Fe(III) complexes the exchange coupling via the oxo bridges is also stronger than that via the hydroxo bridges. 27 Since the present Fe4 and the Wieghardt's complex reveal similar tetranuclear skeletons and the similar Fe…Fe distances, Fe4 is expected to have the exchange coupling constants close to those for Wieghardt's complex. However, it is noted that Fe4 contains two types of On the other hand, even for the strong AF coupling, the observation of the plateau in µ eff (T) and its field dependence at low temperatures clearly indicates that there exist lowlying magnetic states. Although the origin of the low-lying magnetic states is not clearly understood at the moment, 22 their existence is clearly evident from the experimental data measured at low magnetic field (see the inset of Fig. 8 ).
As shown in Figure 9 , despite antiferromagnetic coupling behavior of field cooled (FC) magnetic susceptibility, the zero field cooled (ZFC) data deviates from the FC data below approximately 14 K. The so-called blocking behavior implies that the low-lying magnetic states are slowly relaxing. The hysteresis behavior of magnetization at T = 1.8 K (Fig. 10) , typical characteristic of slowly relaxing magnetic states, is also ascribed to the remnant magnetic moment due to the low-lying states.
Conclusion
A new tetranuclear iron(III) complex, Fe4, with iron-oxo core was successfully synthesized as single crystals. For the first time of adamantane-shaped tetranuclear metal complexes, two tetranuclear iron complexes showing the different Fe…Fe distances are packing in the crystal structure and form supramolecular arrangement by the hydrogen bonds. The overall magnetic properties are characterized by antiferromagnetic intramolecule interactions. From a careful measurement of magnetization at low magnetic fields and its field dependence, we observed a clear evidence of the lowlying, slowly relaxing magnetic states. 
